The Nakdong River Estuary on the southeastern coast of the Korean Peninsula is enclosed by two large estuarine dams, one constructed in 1934, and one between 1983 and 1987. The estuary has been characterized as a barrierlagoon system with various subenvironments and micro-tidal ecosystem and a mean tidal range of 1.07 m. The monitoring short-term sedimentation rates and suspended sediment characteristics were investigated to understand sedimentary processes in the barrier-lagoon system of the Nakdong River Estuary. The surface sediments generally showed sand sediment was dominated along the seaward side of the barrier islands and muddy sand sediment was dominated within the lagoon. The short-term sedimentation rates for a year showed that deposition dominated the tidal flats between the mainland and Jinudo (JW-line) and the mainland and Sinjado (SJ-line), with net deposition rates of 10.09 and 12.38 mm/year, respectively. Erosion dominated the tidal flat for two years at the southern end of Eulsukdo (ES-line), which is located on the eastern side of the system, at an annual rate of -12.76 mm/year. Four 12.5-hour anchoring surveys conducted at the inlets and channel revealed that net suspended sediments were transported to the open sea during a tidal cycle in summer. The sedimentary processes of the Nakdong River Estuary showed that sediments were transported into the lagoon through inlets during floods and moved westward and/or northwestward; they were then deposited on the tidal flats and in channels near the dams under low energy conditions. Within the eastern side of the system, sediments flowed out of the sea with discharge from the Nakdong Dam during ebb conditions. The major control factors for seasonal variations in these sedimentary processes within the barrier-lagoon system were waves, tidal currents, and dam discharges.
INTRODUCTION
Estuaries are transitional zones where terrestrial and marine conditions interact to produce a variety of complex environments. Estuarine environments exhibit wide ranges of conditions owing to the influence of both the land and sea. These areas are important habitats for fauna and flora. They purify of pollutants from the water, reduce natural hazards, and support a variety of economic activities. Recently, rapid expansion of developed estuarine areas such as industrial complexes, dams, new towns and ports, and recreational parks have caused environmental problems near these coastal areas.
The Nakdong River Estuary is located on the southeastern coast of South Korea in the city of Busan. Two large estuarine dams were constructed, one in 1934 and one between 1983 and 1987 . The construction of these dams has led to the geomorphological evolution of barrier islands within the Nakdong River Estuary. Tides in the area are semi-diurnal and micro-tidal, with a mean tidal range of 1.07 m (Yoon and Lee, 2008) . The flood direction of the tidal current is northwest, and the ebb tidal current flows southeast (Ryu and Chang, 1979) . The mixing and circulation processes of the water system in the estuary have been controlled by fresh water discharges since the dam construction (Chang and Kim, 2006) . The estuary has been characterized as a wave-dominated barrier-lagoon system with various subenvironments (Figure 1 ). Three frontal barrier islands (Jinudo, Sinjado and Doyodeung) and several sand shoals have formed in the system since the construction of the dams. Various subenvironments exist in the lagoon including tidal flats, salt marshes, tidal channels, sand bars, and sand spits (Woo et al., 2017) . Abundant dykes were constructed to reclaim land for farmlands and industrial districts along the shore of the estuary.
Most of the major Korean estuaries, namely the Gem River, Yongsan River, and Nakdong River estuaries, have dams with environmental problems, including restricted water circulation, reduced tidal prism, polluted water, reduced biodiversity and wetland destruction. Changes to physical energy due to the construction of artificial structures such as dams, bridges and _________________________________________________________________________________________________ Journal of Coastal Research, Special Issue No. 85, 2018 dykes within the estuary have caused changes in tidal current and river flow patterns. These have affected the sedimentary environments and the ecosystems in the estuaries. Several studies have shown that the construction of estuarine dams affects geomorphology and sedimentation due to the resultant decrease in current velocity, reduction of tidal prism, and high effluent runoff from the dam, all of which result in high sedimentation rates near the coasts Williams et al., 2013 Williams et al., , 2014 .
This study is to investigate variations in sediments to understand the sedimentary processes in the barrier-lagoon system of the Nakdong River Estuary. The objectives are to monitor seasonal variations in sedimentation along tidal flats and to survey characteristics of suspended sediments in inlets and channel within the barrier-lagoon system. 
METHODS
The surface sediments were sampled for sedimentary analysis at 90 stations in August 2015 and August 2016. The sand and mud fractions were separated by wet sieving through a 63-micron stainless-steel sieve after removing organic materials and carbonates with 10% H2O2 and 0.1 N HCl, respectively. The grain-size distributions were analyzed using standard sieving (Folk, 1968) for the sand fraction (less than 4 phi) and a particle size analyzer (Sedigraph 5100) for the mud fraction (more than 4 phi) at half-phi intervals. An inclusive graphic method was used to determine sediment type, mean, sorting, skewness, and kurtosis (Folk and Ward, 1957) .
The elevations of three transect lines were measured using a differential global positioning system (DGPS). Geomorphic changes by sediment deposition/erosion were measured for a year along two transects (JW and SJ lines) on the tidal flats from May 2015 to May 2016 and for two years along one transect (ES line) from May 2015 to May 2017 ( Figure 1 ). The short-term sedimentation rates were obtained from the three lines by burying a plate at sub-bottom depth and periodically measuring the changes in sediment depth.
Anchoring surveys at four stations for 12.5-hour were carried out for measurements of hydrodynamic parameters and suspended sediment concentrations (SSCs) at inlets and within channel during the summer 2015, 2016, and 2017 (Figure 1) . The current speed, current direction, and water depth were measured using a recording current meter (RCM 9) at 30 minutes intervals, and SSCs were measured from filtered seawater at one hour intervals at the surface, middle, and bottom layers. The net sediment flux for each layer was calculated using the formula of Gao et al. (1990) .
RESULTS
The surface sediments in the system were classified into four sedimentary facies in summer 2015 and 2016 (Figure 2 ). In summer 2015, sand sediment generally dominated the seaward side of the barrier islands, and muddy sand sediment dominated in the lagoon. Sandy mud and mud sediments were distributed along the tidal flat near the Noksan industrial district, along the western side of Eulsukdo, and within channels near the dams. In summer 2016, sand sediment generally dominated in the seaward side of barrier islands and partially on the back-barrier lagoon. Sand, muddy sand, and sandy mud sediments were distributed throughout the lagoon. In the inlet between Jinudo and Sinjado, sand-mud mixed sediments covered the area. Compared with the surface sediment distributions during summer 2015 and 2016, sand sediments expanded to the north of the lagoon away from the barrier islands.
Three transect lines (SJ, JW, and ES lines) on the tidal flats were positioned about -1 m mean sea level (MSL) and were used to monitor changes in surface morphology and sedimentation (deposition/erosion) (Figure 3) . The SJ and JW lines were located on the tidal flats between the mainland and Sinjado and between the mainland and Jinudo, respectively. They were dominated by muddy sand sediments, and exhibited ripples, tidal channels, and creeks. The ES line was located on the tidal flat at the south end of Eulsukdo. The tidal flat sediment on the line was dominated by poorly-sorted sandy mud and muddy sand from the shoreline to 1,700 m out, and by sand between 1,800 and 2,000 m out. The sand bar was well developed near the sub-tidal area along the ES line.
Seasonal variations in sedimentation over the course of a year on the tidal flats of the JW and SJ lines are shown in Figure 4 . Deposition dominated on the tidal flat along the JW and SJ lines, with net deposition rates of 10.09 and 12.38 mm/year, respectively. Sediments were mostly deposited along the JW line. In winter, however, erosion occurred near the channel and the island and deposition occurred between 600 m and 1,000 m from the shoreline. Along the SJ line, surface sediments were generally deposited during spring and summer, and these were eroded during autumn and winter. Erosion dominated over the course of two years on the tidal flat along the ES line, located on the eastern side of the system, at an annual erosion rate of -12.76 mm/year. The surface sediments along the line were deposited in spring and summer and eroded during autumn and winter. 
DISCUSSION
The sedimentary processes of a barrier-lagoon system of the Nakdong River Estuary depend on the relative responses of waves, tidal currents, and fluvial discharges. Several studies have explained the changes in morphology and the effects on sedimentary processes after the construction of Nakdong River barrages. After this construction, sand shoals formed rapidly and advanced toward the shore (Oh, 1999) . The spatial variations in the barrier islands and sand shoals indicate that the area of Baekhapdeung diminished and that Sinjado and Doyodeung developed since the 1980s because sediments moved offshore and then were reworked by waves and tides (Kim, 2005; Park et al., 2014) . However, there have been few morphological changes at Jinwoodo, Daemadeng, and Jangjado (Kim, 2005) .
The differences in surface sediment distributions in the summers of 2015 and 2016 showed that sand sediments expanded to the back-barrier lagoon (Figure 2 ). Yoon and Lee (2008) suggested that seasonal and long-term changes in the surface sediments in the Nakdong River Estuary were greatly affected by the quantity of flow discharged from the dams and by the incidental wave climate. The amount of rainfall and the average discharge flow from the dams in July 2015 and 2016 were 160.10 mm, 508.35 m 3 /sec, and 239.80 mm, 803.83 m 3 /sec, respectively (www.water.or.kr). The annual difference in surface sediment distribution should be dependent on the quantity of discharge flow from the Nakdong dams.
The short-term sedimentation rates showed that the tidal flats of Jinwoodo (JW line) and Sinjado (SJ line) had net deposition (Woo and Je, 2002) . Average sedimentation rates, based on analyses of 210 Pb and 137 Cs radioisotope geochronology of 6 cores, ranged from 2.19 cm/year adjacent to the first constructed dam to as high as 6.55 cm/year in the middle region of the Nakdong River Estuary (Williams et al., 2013) . Williams et al. (2013) determined the impacts of anthropogenic engineering on Williams et al. (2013) affected the long-term sedimentation rates of the cores and the differences between the sampling sites. The four 12.5-hour anchoring surveys at the inlets and channel revealed that net suspended sediments were transported to the open sea during a tidal cycle in summer. Generally, the seasonal variations in sedimentation on the tidal flats indicated that the deposition occurred with an inflow of sediments from dam discharges due to heavy rainfall in summer, whereas erosion dominated in winter due to waves. However, seasonal variations in sedimentation revealed reverse cycles of sedimentation on sand bar at the southern end of the tidal flat along the ES line.
CONCLUSIONS
Seasonal variations in sedimentation and characteristics of suspended sediments revealed that the barrier-lagoon system in the estuary was dominated by redistribution of sediments based on relative input energy from waves, tidal currents, and dam discharges. Sediments in the estuary system were transported into the lagoon through inlets during flood-tide conditions without dam discharge. Sediments in the lagoon moved westward and/or northwestward and mostly deposited sediments on the tidal flats and in the channels near the dams under low energy conditions ( Figure 6 ). During ebb tides, fine-sediments flowed out to the sea with discharges from the Nakdong Dam. Along the eastern side of the system, changes in the geomorphologies of subenvironments such as sand shoals, spits, tidal flats, and marshes were more influenced by waves than by tidal currents. The results of the study will provide an important baseline for future assessments of the environmental impacts of open dams Figure 6 . Diagram of sedimentary processes in the barrier-lagoon system within the Nakdong River Estuary.
